We measured and compared the properties of meltblown and electrospun fabrics made of nylon and polyurethane (PU). Properties of interest included surface energy/wettability, strength, fiber diameter, and microscopic structure as revealed by scanning electron microscopy (SEM). We also report new data on the diameters of electrospun fibers measured from digitized SEM images of electrospun nylon, polyurethane (PU), polyacrylonitrile (PAN), polycaprolactone (PCL), and polycarbonate (PC) fabrics. The electrospinning process produced fibers with diameters in the range from 10 nm to several microns. It was found that the strength per unit areal weight of electrospun nanofiber nylon fabric was up to ten times that of the meltblown material, and for polyurethane (PU) fabric, from 2.5-3 times that of the meltblown material.
Introduction
Table 1 lists the mean diameter and its coefficient of variation for selected natural and synthetic fibers [1] . These diameters are smaller than that of a human hair (characteristically from 50 to 150 microns), but even spider silk is in the micron range. The natural fabrics listed in Table 1 are produced at room temperature, from naturally available feedstocks, with a relatively low energy input, and without capital equipment, while the synthetic fibers listed are produced under generally opposite conditions. The rapid production of large quantities of fibers having diameters in the range from 10 to 1000 nanometers, at room temperature, with minimal energy input, and with modest equipment is now becoming possible through electrospinning (ES) technology, and the same process can form nanofiber fabrics.
Electrospun nanofiber fabrics have several potentially attractive features. Among these are a very soft hand; the potential of acting as a barrier against microorganisms and fine particulates; a potentially good strength per unit weight; a relatively high surface energy that indicates a potentially good moisture vapor transmission rate; the potential of being fabricated at room temperature with robust, simple capital equipment; and a potentially low energy requirement for production. However, electrospun nanofiber fabrics have some potential problems. They may be insufficiently wettable or wickable; their fine fibers may lead to a weak web strength; it Investigation of the Fiber, Bulk, and Surface Properties of Meltblown and Electrospun Polymeric Fabrics may not be possible to color nanofiber fabrics because they are seen by diffraction and not by reflection (the fiber size is less than the wavelength of light); and there are many engineering problems in fabricating large quantities at commercial speeds.
Principles of Electrospinning Technology
Electrospinning (ES) uses the electrostatic force to spin fibers from a polymeric solution or melt, as illustrated schematically in Figure 1 . The polymeric solution is initially ejected from the tip of a fine orifice or spinneret (such as a hypodermic needle) maintained at a potential up to several tens of kilovolts by a DC power supply. When the electrostatic repelling force of the charges overcomes the surface tension force of a polymer solution droplet at the tip of the liquid stream, the charges leave the droplet and drag the polymer to form fiber streams. The fiber streams will become unstable to a whip-like motion that further elongates them and reduces their diameter. This process continues until a large number of fine polymer filaments (the "splay") are formed by evaporation of the carrier solvent.
These filaments (nanofibers) are deposited on a grounded target, where they bond together to form a nanofiber fabric. Depending on the polymeric material and the operating conditions, the fine fibers can range from ten to several thousand nanometers in diameter. An important feature of the electrospinning process is that electrospun fibers are produced in atmospheric air and at room temperature, rather than at temperatures high enough to keep the polymeric materials in a molten state.
Previous Research on Electrospun Fibers and Fabrics
The first U.S. electrospinning patent was issued in 1934 to A. Formhals [2] . The significant characteristic of electrospun fibers is their small, uniform diameter along their length. At the University of Tennessee Textiles and Nonwovens Development Center (UT-TANDEC), uniform electrospun fibers in the size range from 0.04 to several microns have been produced from such polymers as polycarbonate, poly(ethylene oxide), polyurethane, polystyrene, polycaprolactone, etc. [3, 4] . In this paper, we report data on nylon 6, nylon 66, polyurethane (PU), polyacrylonitrile (PAN), polycaprolactone (PCL), and polycarbonate (PC). Other polymers have been electrospun by other investigators, and fiber diameters down to 10 nm have been reported [5] . The fiber diameter and the web formation mechanism are governed by several parameters including the polymer and solvent types, the polymer solution concentration, the electrical voltage applied to the spinneret, the distance between the spinneret and the fiber collector, the spinning throughput rate, etc. More importantly, Tsai and Schreuder-Gibson [6] showed that the fiber spinning rate, the web formation mechanisms, and such properties as the web density, web uniformity and web strength were greatly improved by controlling the electric field strength between the spinneret and the collector.
In this previous work [3, 4, 6] , the strength of electrospun nanofiber webs had been comparable to that of meltblown microfiber webs, and both were medium-to-low compared with other nonwoven fabrics. The electrospun webs require higher strength for such applications as protective clothing, while lower strength is adequate for such applications as filter media, in which the web can easily be supported by lamination with other fabrics with higher strength. Advantages of electrospun filter media include the large surface area and small pore size associated with their fine fibers [7] [8] [9] . The possibility of using electrospun polyurethane (PU) for military protective clothing due to its excellent elasticity has been investigated [5]. However, its strength is about half (9.6 MPa) that of polyurethane cast film (15.8 MPa).
In addition to web strength, moisture vapor transmission rate (or the water vapor diffusion resistance) is another important parameter for protective clothing because it determines the body heat dissipation rate by water vapor ventilation. The moisture vapor transmission rate is governed by the web pore size and the hydrophilicity of the web. The larger the pore size and the higher the hydrophilicity of the material, the higher the vapor ventilation ability. However, the pore size of protective clothing material is normally minimized to improve resistance to the penetration of wind, bacteria, and chemical vapors. Gibson et al. [10, 11] showed that the water vapor diffusion resistance for hydrophilic materials was reduced at high relative humidity due to a higher web moisture content. Hydrophilicity is a polymeric property that can be greatly increased by plasma treatment [12] [13] [14] [15] .
Production, Treatment, and Characterization of Nylon and Polyurethane (PU) Meltblown and Electrospun Fabrics
Production of Nanofiber Fabrics by Electrospinning Two polymers, nylon and polyurethane (PU), were produced by electrospinning and selected for detailed study. Nylon can be dissolved in formic acid for electrospinning and it is a suitable material for garments. Polyurethane can be dissolved in dimethyl formamide (DMF) and tetrahydrofuran (THF) for electrospinning and it possesses stretchability, a use-
Figure 1 SCHEMATIC REPRESENTATION OF THE
ELECTROSPINNING PROCESS ful characteristic for garments. A polymer solution of nylon 6 was prepared by dissolving 15% nylon solid by weight in formic acid. Polyurethane solution was prepared by dissolving 20% PU solid by weight at 1:1 ratio of THF:DMF. Initially, a simple arrangement consisting of a single syringe with a flat needle was used as the spinning nozzle. High voltage DC was connected to the needle, and a flat metal collector was grounded or maintained at an opposite potential. The high voltage drop controlled the fiber flow direction and fiber formation on the collector. With this system, the optimal conditions to make nylon fibers continuously were 0.00228 ml/min throughput, an applied voltage on the syringe nozzle of +26kV, a bias voltage on the metal collector of -18kV, and a distance from the nozzle to the collector of 25 cm. For the electrospinning of polyurethane fibers, the throughput was 0.0456 ml/min, an applied voltage on the syringe nozzle of +18 kV, a bias voltage on the metal collector of -12 kV, and a distance from the nozzle to the collector of 20 cm.
We later developed the more industrially relevant system shown in Figure 2 , in which the collector is a rotating cylinder, and three spinnerets were used. By better adjustment of the operating conditions than that illustrated in Fig 2, a uniform coating of nanofiber fabric will form on the cylinder. At the UT Textiles and Nonwovens Development Center (TANDEC), an ES (ElectroSpin) spinning system with 50 KV DC power supplies was used to make the nanofiber fabrics tested.
Once the fabrics were produced, a Unified Tensile Testing Machine manufactured by the United Calibration Corp., Huntington Beach, CA, was used to produce a paired comparison of the fabric strength of conventional meltblown microfiber fabrics, and of electrospun nanofiber fabrics. The characteristics of the fabrics were imaged using SEM, which made it possible to visualize the surface topography and measure the diameter of the fibers. The latter data were used to produce probability density distribution functions of the fiber diameter for nylon and polyurethane (PU) micro-and nanofiber fabrics.
Meltblown and Electrospun Fiber Diameter Distributions

Scanning Electron Microscope (SEM) Images of Micro-and Nanofiber Fabrics
After production by meltblowing or electrospinning, the samples were imaged by scanning electron microscopy (SEM) on a Leo 1525 workstation manufactured by the Carl Zeiss SMT AG Company (http://www.leo-em.co.uk/). Characteristic images are shown in Figures 3 (meltblown and electrospun nylon fabrics) and Figure 4 (meltblown and electrospun polyurethane (PU) fabrics). The images were processed on software that permitted the investigator to identify two points at opposite ends of a fiber diameter, and then to record the diameter for further processing. A few such designated diameters are shown in Figure 3a . From 13 to 46 individual fibers were identified in the images, their diameters measured, cumulative probability distributions plotted, and histograms of the number of fibers within selected bands of fiber diameters prepared. Figure 3a is characterized by individual fibers, the mean diameter of which is approximately 7 microns, while the electrospun fibers in 3b have a mean diameter of about 78 nanometers. Figure 4 illustrates two SEM images of polyurethane (PU) fabrics. Figure 4a illustrates the comparative size of meltblown PU microfibers and a human hair, the latter located diagonally at the center-right of the image. The meltblown PU fibers in 4a have a mean diameter of about 19 microns, while the electrospun fibers in 4b have a mean diameter of 660 nanometers.
In addition to the electrospun nylon and PU imaged in Figures 3b and 4b , electrospun fabrics were made from polyacrylonitrile (PAN), polycaprolactone (PCL), and polycarbonate (PC) fibers. Figure 5 is a SEM image of polyacrylonitrile (PAN), with a ten micron fiduciary marker in the lower left. The mean diameter of the electrospun fibers of this material was 240 nanometers, with a 54% coefficient of variation for the 31 fibers documented. Interspersed among the fibers are spherical globules of PAN that resulted from droplet formation by the initial jet, rather than elongation and solidification of the jet to form a fiber. Figure 6 is a SEM image of an electrospun polycaprolactone (PCL), with a twenty micron fiduciary marker in the lower left. The mean diameter of the fibers of this material was 1.8 microns, with a 63% coefficient of variation for the 46 fibers documented. Interspersed among the fibers are occasional globules of PCL that resulted from droplet instead of fiber formation. Figure 7 is a SEM image of an electrospun polycarbonate (PC) fabric with a twenty micron fiduciary marker in the lower left. The mean diameter of the fibers of this material was 1.1 microns, with a 49% coefficient of variation for the 40 fibers documented. Interspersed among the fibers are occasional globules of the PC that resulted from droplet instead of fiber formation.
While the meltblown fabrics in Figures 3 and 4 look like a plate of spaghetti, with some groups of fibers containing a few parallel strands bundled like a cable, the electrospun fabrics in Figures 3 to 7 are more reticulated, and resemble a network with many nodes. The electrospun fibers are twisted around each other in some cases, and appear to be knotted, twisted, or otherwise joined at the nodes of the network. Beyond this, the individual electrospun nanofibers appear to be randomly woven under-and-over each other. Both the attachment at nodes and the woven texture of the nanofiber fabrics could strengthen them relative to the meltblown fabrics of Figures  3a and 4a , which lack these features.
Fiber Diameter Statistics
The images of electrospun fabrics made possible an analysis of their diameter distribution statistics. The software used to measure the fiber diameters on SEM images is called Scion Image by its provider, the Scion Corporation (http://www.scioncorp.com). These data were input into a statistical package called JMP 4, information about which is available at the web site (http://www.jmp.com/). The statistical characteristics in Table 2 were produced by this program. These statistics document the details of the significantly smaller (than meltblown fabrics) electrospun fiber diameters evident in Figures 3 to 7 . The statistical characteristics of the meltblown and electrospun fabrics are summarized in Table 2 , with the meltblown fabrics in the top two rows, and the electrospun fabrics below. It is evident from Table 2 that the mean diameters of electrospun fibers in nylon and PU stock material are from 20 to 100 times smaller than those in the meltblown fabrics. The diameters for the electrospun materials in Table 2 are not the smallest possible: these simply represent values that were found to produce consistent and useful nanofiber fabrics, and do not represent the largest or smallest mean diameters of which the electrospinning process is capable.
Relative Strength of Meltblown and Electrospun Fabrics
Once the fabrics were produced by melt blowing or electrospinning, rectangular samples 2.5 cm in width and 10 cm long were tested in a Model SSTM-1-E-PC Unified Tensile Testing Machine manufactured by the United Calibration Corporation(http://www.tensiletest.com/), using the procedure for fabric samples described in ASTM Standard 5035-95. These measurements were used to produce a paired comparison of the fabric strength of conventional meltblown microfiber fabrics, and of electrospun nanofiber fabrics. The breaking strength was normalized with respect to the areal mass density (strength per unit areal mass), to provide a more direct paired comparison of fabrics of different mass per unit area. The normalized breaking strength, and values of the parameters used to calculate it, are listed in the columns of Table 3 for meltblown and electrospun PU. These data indicate clearly that a statistically significant (beyond the error bars) increase in strength, by a factor of 2 to 3, occurred for the electrospun PU fabric relative to meltblown PU fabric. This increase in strength may be associated with higher surface energies of the individual fibers, the random weaving of the ES fibers, or their nodal attachment to each other.
The meltblown fabrics were as received, and both had a relatively low surface energy. The electrospun fabrics had surface contamination in their as received condition that may have resulted from evaporation of the carrier fluids
The normalized breaking strength, and values of the parameters used to calculate it, are listed in Table 4 for meltblown and electrospun nylon. Only Nylon 6 could be meltblown; both Nylon 6 and Nylon 66 were electrospun with comparable results. With respect to normalized breaking strength, both electrospun (ES) nylon and PU fabrics showed significantly higher strength than meltblown fabrics of the same material, as shown in Tables 3 and 4 for MB PU and MB nylon, respectively. The strength of electrospun nylon was about 10fold of that of meltblown nylon, while that of the electrospun PU was more than 2-fold of that of meltblown polyurethane. This increase in strength may be associated with the random weaving of the electrospun fibers and their nodal attachment to each other evident in the SEM images of Figure 3 .
Surface Energy of Meltblown and Electrospun Fabrics
The surface energy and wettability of the meltblown and electrospun fabrics discussed above were measured using standard ASTM procedures with a contact angle meter or a dyne level test according to ASTM Standard D25781. The latter procedure uses a series of standard, commercially available wetting solutions such as the ACCU DYNE surface tension test fluids produced by Diversified Enterprises Inc. These fluids are used to determine the surface energy of plastic films and other non-absorptive substrates using the method described by ASTM Standard D25781. For more information on this method, see the corporate Website http://www.accudynetest.com/qctest.html. The surface energy of the meltblown nylon had to be measured by a con-tact angle meter; all others used the commercial wetting solutions.
The results of these measurements are entered in Table 5 . The meltblown fabrics were as received, and both had a relatively low surface energy. The electrospun fabrics had surface contamination in their as received condition that may have resulted from evaporation of the carrier fluid(acid or other solution) during the electrospinning process.
To remove this contamination, the samples were water-washed and heated to 100 Centigrade for 60 minutes. The electrospun fabrics had a relatively high surface energy in the as received condition, but lost a significant fraction of this after decontamination.
Conclusions
We have made SEM images and analyzed the fiber diameter statistics of polymeric fabrics made from five materials: nylon, polyurethane (PU), polyacrylonitrile (PAN), polycaprolactone (PCL), and polycarbonate (PC). Nylon and PU were represented by both meltblown and electrospun fabrics: the remaining three by electrospun fabrics only. We have also tested the breaking strength and the wettability/surface energy of meltblown and electrospun nylon and PU fabrics. We have shown that electrospun PU nanofiber fabrics have a greater areal mass-normalized strength than PU meltblown microfiber fabrics. A significant result was that electrospun nylon nanofiber fabrics have about ten times the areal massnormalized strength as meltblown nylon microfiber fabrics. 
